Abstract Synthesis, crystal structure, dielectric, and magnetic properties of the Aurivillius phase Bi 4-x Tb x Ti 3-O 12 (x = 0.0, 0.4, 0.6, 0.8) are reported. The samples were synthesized using standard solid state reaction technique. The thermal stability of the obtained solid solutions was investigated. For x B 0.8, the samples crystallized in an orthorhombic symmetry. All the samples showed finite second harmonic generation response indicating a noncentrosymmetric structure. The structural data could be refined using the polar orthorhombic space group B2cb. The orthorhombicity decreases with an increase in the Tb 3? concentration. The orthorhombic distortions in these compositions are related to the Bi 3? -based perovskite sublattice. Our results indicate that the non-lone pair Tb 3?
Introduction
Multiferroic materials exhibiting dipole and spin orderings simultaneously have attracted a lot of attention during the past decade. The renewed interest comes from the possibility of cross-controlling the magnetization and polarization by applying electric and magnetic fields respectively in these materials [1, 2] , which provides a route to advanced memory devices [3] [4] [5] . Intrinsic multiferroics, where the different ferroic properties occur in one material, are limited in number. Therefore, to obtain new materials with multiferroic properties, one of the most popular approaches is to design new composite multiferroics by doping magnetic (ferroelectric) compounds in ferroelectric (ferromagnetic) matrices [6, 7] .
Oxides belonging to the Aurivillius family constitute an important class of materials that have been studied since a long time for their ferroelectric [8, 9] and piezoelectric [10, 11] properties. The general formula of this class of oxides is (Bi 2 O 2 )(A m-1 B m O 3m?1 ), and they consist of an intergrowth between (Bi 2 O 2 ) 2? sheets and (A m-1-B m O 3m?1 )
2-perovskite-like layers, with m being the number of octahedra stacked along the direction perpendicular to the sheets, and A, and B, are the 12-fold, and sixfold coordination sites of the perovskite slab, respectively. Bi 4 Ti 3 O 12 (BTO) (where m = 3) has been widely studied for its ferroelectric properties since the early works of Smolenskii et al. [12] and Subbarao [13] . However, the potential of Lndoped BTO materials for commercial applications as promising alternatives for ferroelectric random access memories (FeRAMs) was realized much later [14] . The magnetic properties can be enhanced via structural modification using appropriate doping. Recently, a lot of work has focused on layered perovskites in general [15] , and bismuth layer-structured ferroelectrics in particular [16] . Several investigations have also focused on doping magnetic ions in Bi 4 Ti 3 O 12 [17] [18] [19] [20] [21] [22] [23] . However, the reported magnetic properties in these materials are quite weak even at low temperatures.
The BTO structure is relatively complex (Fig. 1) , containing six crystallographically distinct oxygen sites and four different cation sites, viz. two distinct Ti sites (the 'B' sites of the perovskite block) and two distinct Bi sites (the perovskite 'A' site and the interlayer [Bi 2 O 2 ] site). In the present article, we report on the synthesis and detailed structural, dielectric, and magnetic studies of single phase Tb-doped BTO. 
Experimental details
The samples were annealed at 700, 800, and 900°C for 10 h at each temperature to obtain the desired chemical phase. A heating rate of 10°C/min was used. Calcination occurred at 800°C and the samples were sintered at 900°C for further densification. More details about the synthesis can be found in reference [25] .
The phase interactions at each stage of the synthesis process were monitored using simultaneous thermogravimetry and differential thermal analysis (DTA/TG) using SDT Q600 thermoanalyzer (Pt-Pt/Rh thermocouple) in the temperature range 25-1250°C in air. The heating rate was varied between 5 and 10°C/min. It was found that phase formation of the BTTO powders occurred at *500°C.
The cation composition was determined by energy dispersive spectroscopy (EDS) analysis using an Epsilon1 microanalyzer (PanAnalytical).
The phase purity of the prepared ceramic samples was monitored by X-ray powder diffraction (XRPD) patterns obtained with a D-5000 diffractometer using Cu-K a radiation. The samples were crushed into powder in an agate mortar and suspended in ethanol. A Si substrate was covered with several drops of the resulting suspension, leaving randomly oriented crystallites after drying. The XRPD data for Rietveld analysis were collected at room temperature on a Bruker D8 Advance diffractometer (Ge monochromatized Cu K a1 radiation, Bragg-Brentano geometry, DIF-FRACT plus software) in the 2h range 10°-152°with a step size of 0.02°(counting time was 15 s per step). The slit system was selected to ensure that the X-ray beam was completely within the sample for all 2h angles. Structural refinements were performed by the Rietveld method using the FULLPROF program suite [26] .
The evolution of the crystal structure with increase in x was also studied using infrared (IR) spectroscopy on a IRFourier spectrometer FSM-1202 in a continuous registration mode in the frequency range 1500-400 cm -1 . For the IR studies, the samples were mixed with dry KBr in the ratio 1:100 to form pellets.
The second harmonic generation (SHG) analysis of the BTTO ceramics was performed at room temperature using a Nd-laser (k x = 1.064 lm). SiO 2 was used as an etalon. The presence of second harmonic laser irradiation signal at k 2x = 0.532 lm indicates the existence of a non-centrosymmetric phase in the tested sample [27] . When the dimension of the ceramic crystallites is very small (*2-3 lm), the intensity of the second harmonic laser irradiation (I 2x ) is directly proportional to the effective quadratic optical polarization, which increases with increase in non-centrosymmetry of the medium.
Dielectric spectroscopy measurements were performed in the frequency range 10 2 -10 6 Hz and the temperature range 298-1023 K, using an Agilent 4284A Precision LCR Meter. Silver electrodes were pasted on opposite planes of a pellet to form a parallel plate capacitor and heated at 800°C. The heating rate used in the experiments was 5 K/ min. The dc magnetic susceptibilty measurements were performed using a Quantum Design superconducting quantum interference device magnetometer in the temperature range 5-320 K.
3 Results and discussion
X-ray powder diffraction (XRPD)
The XRPD patterns of the BTTO samples are shown in Fig. 2 . Pure BTO can be indexed by the JCPDS card (No. 35-0795). As can be seen from Fig. 2 , there is very little qualitative difference between the patterns of BTTO and pure BTO. We see a systematic shift of the reflections to lower 2h values that arises due to the difference between the ionic radii [28] of Tb 3? (1.04 Å ) and Bi 3? (1.17 Å ). No secondary phases were found within the detection limit of our XRPD set up.
All the XRPD patterns could be indexed in an orthorhombic symmetry. Careful inspection of the patterns revealed no deviation from orthorhombic symmetry within Table 1 Results of the Rietveld refinements of the crystal structure at room temperature using XRPD data, and results of EDS analysis of BTTO Phase (2) x/a 0.0012 (7) 0.0015 (6) 0.0022 (6) 0.0036 (7) y/b 0.0125 (8) 0.0129 (6) 0.0133 (4) 0.0136 (7) z/c 0. [28] [29] [30] [31] was not stable owing to strong correlations between the refined parameters. We could not refine our data using any model which had any deviation from orthorhombic symmetry. The best refinements could be obtained for the model proposed in references [32] and [33] using the orthorhombic space group B2cb. Thus, the crystal structure could be described using a polar orthorhombic structure, which is consistent with the fact that the samples showed finite SHG response. The structural parameters for all the compounds are given in Table 1 . Corresponding bond distances are shown in Table 2 .
Careful analysis of the XRPD patterns revealed that all the samples showed some orthorhombic distortion as seen from the splitting of some reflections, e.g. non coalescence of the (020) and (200) reflections was quite evident even for small doping concentration (x = 0.4).
The remarkable decrease of the orthorhombic distortion (quantified by the orthorhombicity parameter, g, in Table 1 ) with increase in x can be correlated with the cationic polar displacements and the degree of tilting of the octahedra. The main trends seen in the evolution of the bond distances indicate that the Bi1 cation, located inside the perovskite block, has a coordination number of 12. With an increase in x, the variation of Bi1-O bond lengths gradually decreases and these lengths become more equivalent. A similar situation was observed for Bi2 in the [Bi 2 O 2 ] block in spite of the fact that Bi2 has a different coordination number (9) . Coordination around the Ti1 site is relatively insensitive to changes in x. The same tendency was also found for the Ti2 cations. The calculated bond valence sums for the Bi and Ti sublattices gave reasonable values (Table 3) , quite close to optimal values. The polyhedral analysis shows drastic off-center displacements for the two Bi atoms, together with distortions of both the Ti octahedral sites. The strong preference for the Bi cations to occupy a highly distorted coordination polyhedral is related to its stereochemically active lone electron pair. In the case of compounds with x [ 0, when the A-sites are partially occupied by Tb 3? instead of Bi 3? , the observed orthorhombic distortion is significantly less and these polyhedra are more regular.
Our investigations suggest that incorporation of Tb occurs at both the Bi 3? sites, but a substitution at the Bi1 site in the perovskite layer is more favorable. 
IR spectroscopy
The IR spectra of all the samples are characterized by the same set of absorption bands (Fig. 3) . This shows that all the BTTO solid solutions are isostructural to BTO, in agreement with the conclusions drawn from the XRPD results. The valence vibrations of the Ti-O bonds in the TiO 6 octahedra of the perovskite layers appear in the form of two wide absorption bands in the IR spectra in the range of *870-800 and *740-530 cm -1 . The maxima of these bands shift towards higher frequency with an increase in x. The observed shift indicates a decrease in the Ti-O bond lengths and an increase in their energy. Furthermore, the decrease in the intensity of the absorption band at *870-800 cm -1 indicates an increase in the concentration of Tb 3? cations. The decrease in the Ti-O bond lengths with an increase in x is connected to changes in the electronic configuration and, hence, a smaller ionic radius of the Tb 3? cations compared to Bi 3? ions. Therefore, the introduction of Tb 3? into the perovskite layers leads to a displacement of the TiO 6 octahedra along the a axis, and to a change of the Ti-O valence bond angle [34] . These results are in agreement with the conclusion drawn from the XRPD data i.e., the Tb 3? cations are preferentially substituted at the Bi 3? sites of the perovskite layers of the BTTO crystal structure ( Table 1 ). The decrease in the intensity of the absorption band at *870-800 cm -1 indicates that the BTTO compositions approach the concentration phase transition boundary from orthorhombic to tetragonal symmetry with increasing x that is also evident in the decrease of their orthorhombicity parameter.
Second harmonic generation (SHG) response
The second harmonic signal as a function of Tb concentration (x) is shown in Fig. 4 . We do not show data on the undoped BTO in Fig. 4 since the microstructure and crystallite size of the undoped sample differ from that of the doped samples. However, previous reports suggest that the intensity of the signal at room temperature for undoped BTO is greater than 200 [35] . In comparison, the doped samples exhibit lower values of the second harmonic signal (Fig. 4) . This is expected because non-centrosymmetry is largest in undoped BTO. Introduction of Tb in the structure leads to a monotonous decrease in the non-centrosymmetry, as seen in Fig. 4 . This tendency is in line with our conclusions from the analysis of the XRPD data, which also indicate a decrease in the orthorhombic distortion of the crystal structure with an increase in the Tb concentration. The formation of a more regular crystal structure with low cation displacement inside the oxygen polyhedra leads to a decrease in the electrical polarization.
Thermal analysis
The electric ordering-disordering in the crystal structure of BTO is accompanied by a structural phase transition from orthorhombic to tetragonal symmetry. Reversible thermal effects related to this transition in BTTO (0 B x B 0.4) are visible in the DTA curves (Fig. 5) . The magnitude of the endothermic/exothermic peaks decreases with an increase in x and they become broader. The concentration of the Tb 3? ions i.e., x has a strong influence on the 
orthorhombicity of the crystal structure. The decrease in orthorhombicity with increase in x, revealed by the XRPD studies, indicates an approach towards the concentration boundary of orthorhombic phase formation. Therefore, the temperature of the structural transition decreases with an increase in the Tb 3? content. This tendency in BTTO samples is consistent with the XRPD results that revealed that the a and b unit cell parameters become closer and the orthorhombicity parameter decreases as x increases (Table 1 ). In the BTTO samples with x C 0.6, the effects related to the phase transition could not be observed in the DTA curves. This indicates that changes in the crystal 
Dielectric spectroscopy
The temperature and frequency dependence of the real part of dielectric permittivity (e 0 ) of the BTTO ceramics are shown in Fig. 6 (x = 0) and Fig. 7 (x [ 0) . Two types of anomalies can be seen, the first being frequency dependent in the range 400-700 K, and related to the relaxation processes in the ceramics [36, 37] . The second type of anomaly, connected to the ferroelectric phase transition in the samples, can be seen for 0 B x B 0.4. These anomalies (marked by black arrows in Figs. 6 and 7) are frequency independent and have low hysteresis. The temperature of the ferroelectric phase transition shows a decreasing tendency with an increase in the value of x. The ferroelectric phase transition temperatures as estimated from the dielectric spectroscopy results show a good agreement with those estimated from the DTA curves. For x = 0.6, the second anomaly becomes frequency dependent, and relaxation processes dominate the dielectric response above this concentration. The decrease in the phase transition temperature of the BTTO series with an increase in x can be related to the decrease of volume and orthorhombic distortion of the unit cell with an increase in x as revealed by the XRPD studies.
Magnetic measurements
The M versus T curves of the BTTO series recorded in the zero field cooled mode under a low field (H = 0.005 T) and a high field (H = 0.5 T) are shown in Fig. 8a, b respectively. The samples are paramagnetic and do not show any magnetic transition in the measured temperature range of 5-320 K.
In order to investigate the paramagnetic behaviour of BTTO further, we performed Curie-Weiss fits to the susceptibility data using the modified Curie-Weiss law,
. As representative examples, we show the fits for the two end members (x = 0 and 0.8) in Fig. 9 .
The values of the effective magnetic moment (l eff ) and the Curie-Weiss constants (h CW ) obtained from the fits for the entire BTTO series are summarized in Table 4 . There is a good agreement between the calculated spin only 
Conclusion
We have synthesized the Aurivillius phase Bi 4-x Tb x Ti 3 O 12 with x ranging from 0 to 0.8, and studied their detailed crystal structure, dielectric, and magnetic properties. All the samples showed finite SHG response indicating a non-cen- A detailed analysis of the structural data using a polar orthorhombic space group revealed a decrease in the orthorhombicity with an increase in x. The ferroelectric phase transition temperatures were estimated using multiple measurement techniques such as thermal analysis (DTA curves) and dielectric spectroscopy. The results obtained from the two techniques were found to be in good agreement with each other. A decrease in the Curie temperature value with an increase in x, and a cross-over to a relaxor-type behavior for higher values of x was observed. The samples are paramagnetic in the temperature range 5-320 K. 
